Abstract. Various unconventional isotope effects have been reported in high-temperature superconducting copper oxides which are beyond the scheme of BCS theory. Their origin is investigated within polaron theory which leads to a renormalization of the single particle energies and introduces a level shift here. It is found that the exponential squeezing of the second nearest neighbour hopping integral carries the correct isotope effect on the superconducting transition temperature Tc, as well as the one on the penetration depth. The average superconducting gap is predicted to have an isotope effect comparable to the one on the penetration depth. The results imply that the coupling of the electronic degrees of freedom to the Jahn-Teller Q2-type mode is the origin of these isotope effects.
High-temperature cuprate superconductors (HTSC) are one of most intensely studied systems due to the yet lacking understanding of the pairing mechanism. The antiferromagnetic properties of the undoped compounds are a consequence of the large Coulomb repulsion at the copper site. The energy scale given by it is the largest, and this has been taken as evidence that it must play a crucial role for the pairing mechanism. Consequently effects stemming from the lattice have mostly been ignored, especially in view of the fact that the isotope effect on the superconducting transition temperature T c almost vanishes at optimum doping [1, 2] . The failure of BCS theory to account for many of the observed exotic properties has contributed to interpret the pairing mechanism in terms of a purely electronically driven one. However, various unexpected isotope effects have been reported [3] [4] [5] which are neither expected within the BCS mechanism nor within models based on strong correlations only. Since the Cu ion is one of the strongest Jahn-Teller systems [6] , polaron formation can take place here and be the origin of unconventional isotope effects.
In spite of that the majority thought that the physics of high-temperature cuprate superconductors are dominated by a purely electronic mechanism, we address here the possibility of unconventional charge lattice coupling leading to Jahn-Teller polaron formation. We are motivated by various experimental findings as e.g. the observation of an isotope effect on the London penetration depth λ L [3, 4] , the isotope dependence of the electronic a e-mail: a.bussmann-holder@fkf.mpg.de energy bands [5] , the interpretation of EPR data in terms of three spin polarons [7] , the EXAFS data revealing the coexistence of different length scales [8] , the isotope effect on T c [1, 2] , which exceeds the BCS value in the underdoped regime, the strain induced enhancement of T c in HTSC films [9, 10] . In addition, we address the inherent inhomogeneity observed in HTSC as revealed by EXAFS [8], STM [11], NMR [12] , EPR [13] , which requires that a multi-component scenario has to be considered. Especially the observation of not only a d-wave order parameter but also an s-wave order parameter [14] is included in the modelling of HTSC.
For the undoped parent compounds we start with the t-J scenario where double occupation at the Cu site is forbidden because of the large Hubbard U [15] . With doping, this picture changes rapidly since all energy scales are destabilized and a substantial charge mismatch sets in which needs to be compensated for by local polaronic lattice distortions. Here also, antiferromagnetism is rapidly suppressed since the hole spin at the oxygen ion lattice site aligns antiparallel to the Cu ion spin [16] carrying the distortion with it. Thus a coexistence of locally distorted areas with the regular lattice is observed where the distortions are first randomly distributed, but in order to compensate for the large strain fields associated with them, organize into regular patterns as evidenced by "stripe" formation [17] . The ordering has the advantage that the antiferromagnetic matrix is partially preserved and that antiferromagnetic fluctuations are still "alive". In order to describe the physics of this system 488 The European Physical Journal B correctly, the antiferromagnetic background is subject to the physics of the t-J model, whereas the "extra" charge induces strong electron lattice coupling. Since the local lattice distortions around the extra charge are felt by the antiferromagnetic background, also here coupling to the lattice has to be incorporated. Consequently the t-J Hamiltonian is extended to incorporate the hole induced charge channel and the important effects from the lattice. This results in a two component Hamiltonian, where interactions between the charge channel (local hole plus induced lattice distortion) and the spin channel (antiferromagnetic fluctuations modified by lattice distortions) are explicitly included [18, 19] :
where c
are electron (hole) creation and annihilation operators in the charge and spin channels with corresponding indices ch, sp and density oper-
describes the physics of the t-J model, with S i being the S = 1/2 spin operator at site i and t i,j the transfer integral between sites i and j, H ch refers to the dynamics of the doped holes in the oxygen p states with kinetic energy E ch . The terms H ch−L ; H sp−L are consequences of spin-charge-lattice coupling proportional to γ, where b q is the momentum q dependent phonon annihilation operator. E are site i, j dependent band energies with momentum k dependent dispersion
where a, b are the in-plane lattice constants, t 1 , t 2 are nearest and second nearest neighbour hopping integrals, and µ is the chemical potential which controls the number of particles and is the doping control parameter [20] . Both bands do not cover the full Brillouin zone (BZ) but the charge band is confined to the antinodal directions over a small range of 9
• , whereas the spin appears in the nodal directions with 40
• weight in the first quadrant [21] . The important terms in the Hamiltonian are those proportional to the electron -phonon coupling constant γ. These are well known with manifold consequences. They can induce: i) a charge density wave instability [22] accompanied by a structural phase transition which is not observed in HTSC; ii) BCS type superconductivity, which -however -shows a doping independent isotope effect and no isotope effect on λ L ; iii) a Peierls transition with spin or charge ordering [23] , where again both would be accompanied by a structural instability; iv) a combined charge -spin -density wave [24] ; which excludes the appearance of superconductivity; v) polaron formation [25] which neither inhibits superconductivity nor is in contrast to the observed isotope effects. We thus concentrate on the last possibility and apply standard techniques to eliminate the phonon degrees of freedom in equations (1) [25] . This leads to renormalizations of all involved energy scales [18, 19] , but the most relevant ones occur in the electronic band energies:
Here ω is a characteristic phonon frequency and ∆* the polaronic level shift, proportional to the local lattice displacements. Most importantly a squeezing (band narrowing) effect on both hopping integrals appears which is proportional to γ 2 and is inversely dependent on the square root of the ionic mass. Superconducting properties of the coupled charge -spin -lattice system are studied within an effective two-band Bogoliubov quasiparticle approach, where pairwise attractive interactions in the spin channel, caused by strong antiferromagnetic correlations, induce d-wave superconductivity, whereas the interactions in the charge channel are too weak to lead to superconductivity. However, due to an attractive phonon mediated inter-channel interaction superconductivity is induced there as well [18, 19] . This interchannel interaction is a consequence of interband interactions between spin and charge channel mediated by phonon exchange and a result of eliminating the phonon degrees of freedom in equation (1). Details of the transformation and the structure of the condensed Hamiltonian have been published in references [18] and [19] . The resulting scenario is a two gap superconducting state, analogous to MgB 2 [26], with the distinction that the order parameters are of different symmetries. In addition, and opposite to MgB 2 , in cuprates mostly a time-averaged gap is observed caused by fast fluctuations.
The superconducting gaps E g,s (s-wave gap), E g,d (dwave gap) have been calculated as a function of doping for various coupling constants γ and fixed ratio of t 2 /t 1 = 0.3 as suggested by band structure calculations for YBCO [27] . Figure 1 shows (0) and T c also in included in Figure 2 for comparison.
